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ABSTRACT 
Development of civil aerospace composites is key to future “greener” aircraft. Aircraft 
manufacturers must improve efficiency of their product and manufacturing processes to remain 
viable. The aerospace industry is undergoing a materials revolution in the design and 
manufacture of composite airframes. The Airbus A350 and Boeing 787 (both due to enter 
service in the latter part of this decade) will push utilisation levels of composite materials 
beyond 50% of the total airframe by weight. This change requires massive investment in 
materials technology, manufacturing capability and skills development. The Quickstep process 
provides the ability to rapidly cure aerospace standard composite materials whilst providing 
enhanced mechanical properties. Utilising fluid to transfer heat to the composite component 
during the curing process allows far higher heat rates than with conventional cure techniques. 
The rapid heat-up rates reduce the viscosity of the resin system greatly to provide a longer 
processing window introducing greater flexibility and removing the need for high pressure 
during cure. Interlaminar fracture toughness (Mode I) and Interfacial Shear Strength of 
aerospace standard materials cured using Quickstep have been compared to autoclave cured 
laminates. Results suggest an improvement in fibre-matrix adhesion. 
1. INTRODUCTION 
Advanced fibre reinforced polymer composite materials have not been as widely used within 
manufacturing industry applications as would be predicted from their structural performance 
characteristics. The main reasons for this are the complexity of their processing techniques and 
the associated high costs. The use of advanced composites has therefore, largely been restricted 
to industries with high product costs and low volume production. Currently, most high 
performance composite components are produced by hand or machine lay-up of prepreg 
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laminates followed by curing in an autoclave at elevated temperature and pressure in order to 
obtain the required structural properties.  
Demand for increase in manufacturing speed is driven by the need to increase the rate of 
production of aircraft such as the Airbus A350 and Boeing 787 due to increasing orders.  
Autoclaves not capable of meeting these demands. Out-of-autoclave composite curing is of great 
interest to industry in this climate. 
1.1 Out-of-autoclave composite cure. There has been an increase in the development of 
alternative composite manufacturing technologies, with the aim of producing materials of 
similar quality to aerospace grade composites, but in a shorter processing time and at a lower 
cost. The aim of these techniques is to utilize a more efficient method of applying heat to the 
composite component than in an autoclave. Traditionally, high-performance composites have 
been processed at relatively low heat-up-rates (1-2º/min) for two main reasons; to ensure 
uniform heating across the different parts in an autoclave and to reduce the risk of runaway 
exotherm of the epoxy based materials.  
Microwave and radio Frequency heating offer alternatives to autoclave technology and provide 
the potential for higher heating rates. Such radiation techniques generate heating within the 
material, as opposed to the surrounding matter, thus resulting into rapid, volumetric and more 
efficient heating compared to conventional thermal heating. Cure cycle times and energy 
requirements are drastically reduced, as a result lower operational costs are achieved. However 
there are problems associated with such technologies, for instance non-uniform heating of the 
material mainly due to non-uniform distribution of the electromagnetic field leading and poor 
process control. To-date though promising alternatives to autoclave curing Microwave and RF 
techniques are not sufficiently advanced to be considered in a production environment. 
1.2 The Quickstep Process.  An alternative to the above heating techniques is to utilise liquid to 
transfer heat to and from the part, as fluids have a much greater volumetric heat energy capacity 
than gases, the heat transfer rate between the fluid and laminate is much higher than that 
achievable in an autoclave. This is the central idea behind the Quickstep process developed by 
an Australian company (Quickstep Technologies Pty Ltd). It is a balanced pressure, heated 
mould process that can be utilised for the out-of-autoclave curing of advanced composite 
material (Stanford et al. 2003; Stanford et al. 1996). Tight temperature control is maintained by 
circulating the fluid through the pressure chamber. This provides rapid and precise 
heating/cooling of the laminate and allows excellent consolidation to be obtained at low applied 
pressures.  
The heat transfer fluid can also act as a thermal sink, removing any excess heat generated in an 
exothermic reaction, so that a constant cure temperature may more easily be maintained, even 
for thick laminates. The process benefits from versatile production facilities, fast cure cycles and 
reduced capital, tooling and operational costs (Bader 2002; Griffiths and Noble 2004; Bader and 
Noble 2004).  
The high heat-up-rates allow rapid cure of parts and a consequential highly flexible 
manufacturing route through high-rate production principles. This would allow composite 
manufacturers to move away from a batch manufacturing philosophy, where a large number of 
uncured parts are installed in the processing plant and cured together, to a more flexible, one 
piece flow where individual parts are prepared and cured in an assembly line process.  
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Fig. 1. Quickstep QS5 Machine housed at The North West Composites Centre, University of 
Manchester  
2. EXPERIMENTAL DETAILS 
The composite laminates were cured by the Quickstep QS5 at Deakin University and the 
American Autoclave ‘mini-bonder’ MB-2036-415-315-800 at the Australian National 
University. The HexPly914 composites cured by the autoclave are represented by  HexPly914-
AC and those cured by the Quickstep are represented by HexPly914-QS. Similarly, the 
T800H/3900-2 composites cured by the autoclave are represented by T3900-2A and those cured 
by the Quickstep are represented by T3900-2Q. The HexPly914-AC was cured at 175ºC for 1 
hour under a nitrogen pressure of 690KPa and vacuum of -4KPa before a postcure at 190ºC for 
4 hours inside the autoclave chamber. The HexPly914-QS cure featured an initial dwell at 110ºC 
for 30 minutes and then a 170ºC cure for 1 hour inside of the Quickstep chamber under a 
vacuum of -97KPa ~ -98KPa. The panels were then postcured in an oven for 4 hours at 190ºC. 
Both the heating rate and the cooling rate for the HexPly914-QS cure were 10oC/min. 1.5oC/min 
was applied to heat up and cool down the HexPly914-AC laminates. The Quickstep cure cycle 
for the HexPly914 system was reduced by 300 minutes when compared to the autoclave cure 
cycle due to the faster heating rate possible with this low pressure process.  
The autoclave cure for the T800H/3900-2 utilized ramp rates of 3ºC/min for heating and 
2ºC/min for cooling. The T3900-2A was cured at 180ºC for 2 hours under 640KPa nitrogen 
pressure and a vacuum of -4KPa. The T3900-2Q was heated at rate of 9ºC/min, prior to a dwell 
for 30 minutes at 150ºC, the cure was then continued at 180ºC for 2 hours before finally being 
cooled at a rate of 10ºC/min to 60ºC. A vacuum of -98KPa was maintained during the Quickstep 
cure. By comparison with the autoclave cure, the Quickstep cure reduced the cycle time by 40 
minutes. 
The interlaminar fracture toughness tests (mode I and mode II) were performed on a LLOYD 
30K universal tester in accordance with the protocol of the European Structural Integrity Society 
(Davis 1993).  Five specimens were tested for each type of test. Aluminum foil with thickness of 
15µm was treated with SRC 722 semi permanent release agent before careful placement into the 
mid-plane of the DCB specimens. The mode I critical energy release rate GIC and the mode II 
critical energy release rate GIIC were calculated by the modified beam theory derived by 
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Hashemi et al. (1990). The fracture surfaces were examined using a LEO 1530 scanning 
electron microscope (SEM).  
 Indentation-debond tests were performed on the Ultra-Micro indentation system (UMIS) and 
the Dual ScopeTM DS 45-40 atomic force microscope. Specimens were finely polished before 
indentation. A three-sided pyramidal Berkovich tip was employed to indent on fibres within 
composite specimens. To measure the interfacial shear strength from indentation-debond tests, 
the fibres were loaded to a specific value, unloaded to inspect for debonding, and then reloaded 
to a higher value. This process was repeated until debonding was observed. Loading was started 
from 30mN and increase in increments of 10mN. 
3. RESULTS AND DISCUSSION 
3.1 Mode I Interlaminar fracture toughness. HexPly914 and T800H/3900-2 are both commercial 
thermoplastic toughened carbon epoxy prepregs; however, the toughening mechanisms differ in 
each. The HexPly914 utilizes a semi-interpenetrating network (IPN) approach to toughening, in 
which the thermoplastic phase is dispersed into the epoxy resin; the T800H/3900-2 makes use of 
an interlayer toughening mechanism in which the thermoplastic particles are dispersed onto the 
surface of the carbon/epoxy lamina to achieve high fracture toughness.   
 Results from mode I delamination tests are presented in Fig. 2.  The average value for GIC-
PROP was 160J/m2 for the HexPly914-AC and 297J/m2 for the HexPly914-QS. This represents 
an 86% increase in the average value. The T3900-2A had an average GIC-PROP of 300J/m2, 
however, the average GIC-PROP was 783J/m2 for the T3900-2Q which was substantially 
higher.  The resistance curves for the autoclave-cured HexPly914 and T800H/3900-2 specimens 
were relatively stable, however the Quickstep-cured specimens exhibited a rising resistance 
curve along with increased fibre bridging.  Since the GIC-PROP is generally associated with 
fibre/matrix adhesion, interlaminar bonding strength and fibre bridging (Hashemi et al. 1990), 
these factors may all have influenced the resistance to crack propagation in these specimens.  
The fracture surfaces of selected specimens were examined using Scanning Electron 
Microscopy and these results will be discussed in the presentation.  The fibre/matrix adhesion 
was characterized by performing the indentation-debond tests which will be illustrated in a later 
section.    
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Fig. 2. Mode I fracture toughness of HexPly914 and T800H/3900-2 composites cured by 
Autoclave and Quickstep processes. 
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3.2 Interfacial Shear Strength. Plateaus in the indentation load vs. depth curves were used as an 
indication of the occurance of the debonding of the fibre to the matrix. These plataeus can be 
clearly observed in seen in Fig. 3. The fibres in Fig 3a. and Fig 3b. debonded when indented to 
the maximum load of 60mN. The debonding load was defined from the intersection point of the 
tangents drawn along the initial elastic part of the loading curve and the plateau. Atomic Force 
Microscope (AFM) images in Fig. 4 clearly show the debonded fibre in both composite systems. 
The ‘resin ring’ around the fibres due to debonding is evident in these AFM images (Fig. 4). 
 
 
Fig. 3. Indentation-debond loading history for the HexPly914 composites cured using a) 
autoclave and b) Quickstep processes, showing a plateau indicating debonding. 
 
 
 
Fig. 4. AFM images on the debonded fibres within the HexPly914 (left) and the T3900-2 
(right) composites.  The “resin ring”, indicating debonding can be observed in both images. 
Desaegar and Verpoest’s (1993) shear lag analytical approach was used to calculate the 
interfacial shear strength (IFSS).  
22 r
nFdebond
debond πτ = ,                           (1) 
a) b) 
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where debondτ   is the interfacial shear strength, debondF   is the measured debonding load,  r  is the 
fibre radius, mE   is the matrix modulus, fE   is the fibre modulus,  mν  is the matrix Poisson’s 
ratio and  fV  is the local fibre volume fraction. The results are summarized in Table 1. The 
thermoplastic toughened composites cured by the Quickstep process exhibited higher IFSS than 
those cured by the autoclave.  This suggests an improvement in the fibre/matrix adhesion in 
these samples.  A parallel study of the Hexply 6376 system (Davies et al. 2007) investigated the 
effect of heating rates on the viscosity of the matrix.  The authors compared heating rates of 
10C/min (to model the Quickstep process) and 2C/min (to model an autoclave cure) and found 
that the viscosity of the resin was significantly lower when heated at 10C/min.  The lowered 
viscosity in the initial stages of the Quickstep cure cycle may possibly contribute to the increase 
in fibre/matrix adhesion via an improvement in fibre wetting during this stage of the cure.  In 
addition to this, the microwave process, which also employs rapid heating rates during cure, was 
also found to improve the fibre/matrix adhesion in E-glass fibre/epoxy composites as evidenced 
by transverse tensile and four-point bending flexure tests (Bai and Djafariv 1995). 
Table 1. IFSS calculation on the HexPly914 and the T800H/3900-2 composite systems cured by 
the autoclave and the Quickstep processes. *Reported by Desaeger and Verpoest (1993). 
Material mE (GPa)* fE (GPa)
* 
mυ * fV (%) IFSS 
(MPa) 
Standard Deviation 
(MPa) 
HexPly914-AC 3.7 234 0.41 54.86 38.85 2.94 
HexPly914-QS 3.7 234 0.41 52.17 40.10 6.36 
T3900-2A 3.7 234 0.41 54.00 36.33 4.92 
T3900-2Q 3.7 234 0.41 49.66 55.04 5.91 
 
3.3 Manufacture of demonstration components. Work at the North West Composites Centre 
based at the University of Manchester aims to prove the validity of the Quickstep process for 
industrial applications, specifically its applicability for Aerospace materials and components.  
The Quickstep process has been evaluated for a number of aerospace standard pre-preg material 
systems. Cure cycle quality is assessed in terms of laminate properties; Interlaminar Shear 
Strength, Flexural Strength (3 Point Bend), Glass Transition Temperature and Void Content. 
Results are typically compared to data for autoclave or oven cured laminates dependant on 
material systems and supplier. Results have shown equivalent material properties and reductions 
in cure cycle duration of between 50–70% (Bond et al. 2005; Coenen  et al. 2005). 
A number of product demonstrators have been manufactured for Aerospace customers, 
examples of these can been seen in Figure 5. 
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a)       b) 
                              c)  
Fig. 5. Demonstrator Parts manufacture on the QS5 Quickstep Machine at The NWCC, 
Manchester. a)  Aircraft Ducting. b) Wing Access Panel.  c) Overhead baggage compartment. 
4. CONCLUSION 
The Quickstep process is a viable out-of-autoclave process with composite mechanical 
properties being equivalent to or slightly better than autoclave properties. The process can be 
applied to a range of component geometries typical of aerospace components. 
Interlaminar fracture toughness found to be increased in QS specimens, increased fibre bridging 
observed.  
Interfacial shear strength also observed to increase in QS cured sample – evidence of improved 
fibre/matrix adhesion. 
 
 
163
 Coenen, Walker, Day, Nesbit, Zhang and Fox. 
ACKNOWLEDGEMENTS 
The authors wish to thank the Victorian Centre for Advanced Materials Manufacturing 
(VCAMM) and the North West Composite Centre (NWCC) for support. 
 
REFERENCES 
Bader, M.G. (2002). Selection of composite materials and manufacturing routes for cost-
effective performance, Composites Part A, 33, 913-934. 
Bader, M.G. and Noble, N. (2004). A comparison of the costs of manufacture of a laminated 
composite component by conventional autoclave and a non-autoclave process. Proceedings 
of SAMPE-EUROPE, Paris. 
Bai, S.L. and Djafariv, V. (1995). Interfacial properties of microwave cured composites. 
Composites 26 645-651. 
Bond, D.A., Nesbitt, A., Coenen, V. and Brosius, D. (2005). The evaluation and development of 
the Quickstep out-of-autoclave composites processing method. Proceedings of the UK 
Composites Processing Association, Stoke, UK. 
Coenen, V., Hatrick, M., Law, H., Brosius, D., Nesbitt, A. and Bond, D.A. (2005). A Feasibility 
Study of Quickstep Processing of an Aerospace Composite Material, Proceedings of 
SAMPE-EUROPE, Paris 
Davis, P. (1993). Protocols for interlaminar fracture testing of composites. Delft, the 
Netherlands: European Structural Integrity Society (ESIS).  
Davies, L.W., Day, R.J., Bond, D., Nesbitt, A., Ellis, J., and Gardon, E. (2007). Effect of cure 
cycle heat transfer rates on the physical and mechanical properties of an epoxy matrix 
composite. Composites Science and Technology 67 (9), 1892-1899. 
Desaeger, M. and Verpoest, I. (1993). On the use of the micro-indentation test technique to 
measure the interfacial shear strength of fibre-reinforced polymer composites. Compos Sci 
Technol 48, 215-226. 
Griffiths, B. and Noble, N. (2004). Process and tooling for low cost, rapid curing of composite 
structures, SAMPE Journal, 40(1), 41-46. 
Hashemi, S., Kinloch, A.J., and Williams, J.S. (1990). The analysis of interlaminar fracture in 
uniaxial fibre-polymer composites. In: Proceedings of the Royal Society of London Series A, 
427, 173-199. 
Stanford, J.L., Still, R.H. and Wilkinson, A.N. (2003). Effects of soft-segment prepolymer 
functionality on structure -property relations in RIM copolyurethanes, Polymer, 44(14), 3985 
-3994. 
Stanford, J.L., Still, R.H. and Wilkinson, A.N. (1996). Effects of soft-segment prepolymer 
functionality on the thermal and mechanical properties of RIM copolymers, Polymer 
International, 41(3), 283-292. 
 
164
